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ABSTRACT
The Thermodynamics of Plasticization in
Network PoliTner-Diluent Systems
(February 1981)
.
Peter Moy, B.S., Polytechnic Institute of New York
M.S., University of Massachusetts
Ph.D., University of Massachusetts
Directed by: Professor Frank E. Karasz.
Highly cross-linked epoxy resins are currently be-
ing evaluated for high temperature applications. Such
resin systems, however, exhibit a marked sensitivity to
the presence of small amounts of sorbed moisture. The dras-
tic property changes that result from the sorption of wa-
ter suggest an effective plasticization of the resin. The
macroscopic and microscopic interactions of water with a
model epoxy resin system are investigated. Isothermal sorp
tion studies indicate that water interacts specifically
with the epoxy resin at ambient temperatures. At high
temperatures, the sorption process becomes more idealized.
The molecular interaction was studied using breadline nu-
clear magnetic resonance and infrared spectroscopy. The
NMR results indicated that at low concentrations, the mo-
bility of the water in the polymer was severely restricted
V
The infrared data suggest that the preferential interaction
of water with hydrogen bonded groups in the polymer may
contribute to the unusually effective plasticization pro-
cess. Calorimetric results show that a strong depression
of the glass temperature of the resin system is caused by
small amounts of sorbed water. The characterization of
network polymers by differential scanning calorimetry re-
sulted in the experimental observation that while the glass
temperature rose as expected with the degree of cross-
linking, the incremental specific heat at T was more
strongly dependent upon the cross-linked dnesity. At high
degrees of cross-linking, AC^ becomes vanishingly small.
The importance of this strong variation in the excess ther-
mal properties at is discussed in terms of predictive
treatments of the glass temperature in single phase mix^
tures. Consideration of the thermodynamics of the plas-
ticization process in network polymer systems using a ther-
modynamic treatment of the composition dependence of in
mixtures and an analogous Ehrenfest treatment of the glass
transition was made. These approaches yielded equivalent
results on the formal dependence of the glass temperature
of network polymer-diluent mixtures on the glass tempera-
tures and incremental specific heats of the components. It
was shown that the effectiveness with which a polymer may
be plasticized by a diluent is related to the magnitude of
VI
the excess thermal properties at of the polymers, since
ACp is a decreasing function of the cross-link density in a
network polymer, an increase in the cross-link density re-
sults in a more effective plasticization by a given
amount of diluent. Experimental results derived from two
different network polymer systems, in which the cross-link
density and hence ACp is varied, is presented in support of
these proposals.
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CHAPTER I
EPOXY-WATER INTERACTIONS
Introduction
s as
ions
sin
The increased utility of polymeric material
structural members for elevated temperature applicat
have prompted the development of highly cross-linked re
systems with high softening temperatures. Principal among
the resin systems currently being studied are epoxy based
networks. Preliminary evaluations of highly cross-linked
epoxy resin systems reveal marked variations in their
mechanical properties with the sorption of small amounts
of moisture. ^"^ These mechanical property changes imply
a strong depression of the glass transition temperatures
of the epoxy systems by small amounts of diluent. The
nature of this plasticization process is of considerable
interest from both theoretical as well as pragmatic view-
points. Since much of the existing body of work in this
area is based upon transient experiments, ones in which
«
there is a concomraitant lost of sorbed moisture, there is
need for equilibrium experiments to be performed from
which the exact role of the effect of sorbed moisture on
network systems may be quantified. A detailed investiga-
tion of the various aspects of the interaction of water
with a model epoxy resin is conducted to elucidate the
nature of the association process between the water and
the polymer. The unusual effectiveness of the plasticiza-
tion of these resin systems may then be addressed in light
of the findings.
Experimental
The principal resin investigated in these studies
is formulated from a 27 weight percent mixture of 4,4'-
diamino-diphenyl sulfone (DDS) and 73 weight percent tet-
raglycidyl-4, 4 '-diaminodiphenyl methane (TGDDM)
. Curing
was effected thermally at 177 °C for 24 hours. Samples
used in sorption measurements were molded films of 10 to
15 mils thickness. This system is of considerable interest
due to its very high attainable T (>200*'C) and is one of
the main constituents of current composite and adhesive
systems. The structures of the components as well as the
cured system are shown in Figures 1.1 and 1.2.
Sorption and desorption measurements were made
4
using conventional quartz helix microbalances . The
extension of the springs from which thin film samples
were suspended was measured by means of a cathetometer
.
The vacuum apparatus housing the spring assembly was con-
tained in a thermostated air-bath.
The isothermal sorption behaviour of the TGDDM-DDS
3
4Figure 1.2. Structure of cured epoxy system
system at elevated temperatures was studied by sealing
spring-sample assemblies into evacuated glass tubes to-
gether with glass bulbs containing water. Measurements
were initiated following the release of the water by suc-
cessive freeze-thaw cycles. The temperature of the
measurements was regulated by a furnace enclosing the
spring assembly. The pressure within the system was
varied by changing the temperature of a heated bath into
which the lower portion of the sorption cell was immersed.
Changes in the weight of the sample were again determined
by monitoring the extension of the spring assembly with a
cathetometer
.
Calorimetric studies were performed using a Perkin-
Elmer DSC-2. Special large volume stainless steel capsules
were used in place of standard aluminum pans to allow high
temperature scans of samples containing volatile components.
Broadline nuclear magnetic resonance spectra were
recorded with a Varian dual function spectrometer operating
at 56.4MHz.
Finally, the infrared analysis was carried out using
samples cured between silver chloride plates. Conditioning
of the resin was achieved by immersion in water. High tem-
perature scans were made using a temperature regulated sam-
ple cell. Spectra were obtained with a Perkin-Elmer 283
spectrophotometer.
Results and Discussinn
^^-^^^^h^^-^^^L^oj^^ isothermal sorption plots
of the TGDDM-DDS system are shown in Figure 1.3. From
these results, two distinct regimes of sorption behavior
may be discerned. while the ambient temperature plots are
sigmoidal curves of the type ll isotherms in the BET clas-
sification,^ the high temperature isotherms approach a
linear dependence at the higher partial pressures. The
former is often identified with a multilayer sorption pro-
cess in which initial sorbed water molecules are able to
interact with binding sites on the polymer while subsequent
molecules associate with the primary layer in liquid water-
like structures. The latter regime, however, approaches
simple solution sorption behavior. The diffusion of the
water through the resin is found to increase with the
concentration of sorbed water as determined from the rates
of weight gain at various partial pressures. Non-ideal
sorption behavior may be a consequence of two effects;
there may be an irreversible reaction taking place between
the polymer and the penetrant, e.g. formation of hydrogen
bonds, or the diffusion may be coupled to a relaxation pro-
cess, i.e. sorption at the glass transition temperature of
6 7the polymer. ' However, the ambient isotherms were mea-
sured at temperatures well below the effective glass tran-
sition temperature of the plasticized resin (as shown by
Partial Pressure
Figure 1.3 Isothermal sorption plots of the
TGDOM-DDS system at various
temperatures
.
8ss is
DSC data) and the time scale of the sorption proce
short relative to that necessary to observe time-dependent
behavior. Therefore, it is likely that the water is inter-
acting with the polymer upon permeation.
Since the water-polymer interaction is dipolar in
nature, at elevated temperatures ( > 100°C)
, the average
thermal energy of the system is expected to exceed that
due to any localized polarization effects. in the limit of
random mixing, the weight uptake of the diluent may be asym
ptotically approximated by a linear dependence on the acti-
vity of the diluent.
Other workers have shown water sorption in epoxies
to be strongly exothermic processes . ^ ' ^ The temperature
dependence of the sorption isotherms obtained with this
system is in accordance with this finding.
9—11From classical thermodynamics, the free energy,
enthalpy and entropy of sorption is given by respectively:
AH = RT In a a = P/P^ (1.1)
RT T a
AS
-
T (1.3)
in which a^^ is the activity or partial pressure of the penet-
rant which produces an equivalent weight gain at a higher
or lower temperature i. Calculations of these qualities are
9She™ graphically in Pigure 1.4. The free energy of sorp-
tion Of water in the TGDDM-DDS resin, as in all fixtures of
small molecules with polymers, is a decreasing ™onotonic
function. The heat of sorption is strongly exothennic as
in accordance with the temperature dependence of the sorp.
tion process.
A clustering function as first defined by Ziimn^2,l3
is given by
Si 9(a./(}).)
^1 ^1 1 P.T^ (1-4)
^ ^2 (1.5)
in which is the partial molecular volume of component
i, n^^ is the number of molecules of component i, a^ is the
activity of the diluent, k is Boltzmann's constant, 6 is the
isothermal compressibility of the system. The clustering
function is a monotonic increasing function of the probabi-
lity of finding molecules of the same kind close to one
another or the tendency of like molecules to form aggre-
gates. Values of G^^/v^ < -1 indicate the tendency of like
molecules to segregate from one another or become site
bound. In the case of
^n/^-^ ^^^^^ no preferred
interaction and a random distribution of the two components
is expected. Finally,
^n^^i > "1 is indicative of the ten-
Figure 1.4 The free energy, AF, enthalpy, AH,
and entropy, AS, of sorption of
water in the TGIDM-DDS system.
dency of like molecules to cluster. The compressibility
term, typically of the order of 0.05 in value, is negli-
gible for most condensed systems and the clustering func-
tion may be approximated by:"'"^
^1 '^^1 ^'T"' (1.6)
The term ^{a^/<t>^) /:^a^ may be determined graphically from a
plot of a^/<^^ versus a. Analyzing the TGDDM-DDS isotherms
in this manner for two different temperatures indicate that
site binding of the sorbed water is favored at low concent-
rations and low temperatures while clustering is favored at
higher concentrations of water in the polymer. The tendency
for clustering is diminished by increasing the temperature.
These results are shown in Figure 1.5.
B. Molecular interactions . The preceding sorption analysis
give indication that the sorbed water in the TGDDM-DDS epoxy
system is specifically bound at ambient temperatures. Such
interactions are expected to be reflected by changes in the
physical properties of . the sorbed water as well. We would
expect to note in particular changes in properties which
are dependent upon the mobility of the sorbed species, as
for example the heat capacity of the water in the polymer.
Nuclear magnetic resonance is a sensitive technique of
probing the molecular interaction between two components.
12
Although solid state analysis limits the capacity of the
method for studying the chemical environment of the inter-
acting species, one may still derive useful information
regarding the relative mobilities of these components.
Broadline NMR spectra of a sample of TGDDM-DDS resin con-
taining varying amounts of water are shown in Figure 1.6.
The characteristic feature of these spectra of the sample
containing more than 1 percent water is a narrow line, due
to the water, superimposed over the much broader polymer
derivative signal. For samples containing less than 1
percent water, however, the water in the polymer does not
appear as a distinct mobile phase. Although an a'^sorbed
molecule may be localized at one site, rotation about the
bond axis is generally sufficient for line narrowing to
occur. This suggests that at low concentrations in the
polymer, the water interacts with adjacent bond sites so
that not only translational but rotational movement becomes
hindered as well. At higher concentrations, secondary
layers of water molecules are able to rotate more freely
and line narrowing by field averaging is observed.
It has been shown that the majority of the polar
moities in epoxy-diamine networks, such as the hydroxyl
groups generated by the cross-linking reaction and residual
amino hydrogens, take part in inter- or intramolecular hyd-
14 15
rogen bonds. ' At room and low temperatures, the infra-
red hydroxyl stretch frequency of epoxy-diamine systems are
IFigure 1.6. Breadline NMR spectra of a
sample of TGDDM-DDS resin
containing varying weight
percents of water; (a) 3.2
percent; (b) 1.5 percent;
(c) 1.0 percent; (d) 0.9
percent; (e) dry polymer.
characteristically shifted from its fr^. i i^ I ee value of 3600 cm"^
to a hydrogen-bonded value of 3440 cm-^
. Williams and
DelatycKi
.as shown that fo. a ho„olo,ue of epoxy-aia™i„e
systems studied, the internal hydrogen bonds are only dis-
rupted When the polymers are heated to above their glass
temperatures."^^ Convf^r-Q*:^! r^r,^c nversely, one may expect that the state
of the hydrogen bonds will have an effect on the relaxa-
tional behavior of the network. m Figure 1
. 7 , the wave-
number of the hydroxyl stretch frequency of the TGDDM-
DDS system is plotted as a function of temperature. it
can be seen that with increasing temperature, the band dis-
plays a transition like process in approaching its unassoci-
ated or free value. A comparison of this process in the dry
versus the moisture saturated resin show that the wet mate-
rial has a correspondingly lower onset temperature for the
di^ciation of the hydrogen bonds.
From a molecular basis, it is reasonable to assume
that some degree of exchange will take place between the
hydrogen-bonded groups and the water molecules. Since
these interactions are dipolar in nature, the hydrogen
bonds formed between polymer segments and those between
polymer segments and water molecules will be energetically
lar. It is expected that the degree of interchange
11 be dependent solely on the activity of the water. How-
ever, as the temperature of the system is increased, the
relative differences in mobility between polymer segments
simi
wi
JO
o dry
A wet
100
Temperature
200
Temperature dependence of the hydroxyl
stretch frequency in the TGDDM-DDS
system as a function of water content.
17
and the sorbed water molecules become significant. The
hydrogen bonds containing water as bridge groups will be
weaker in this regard and will be expected to dissociate
at lower temperatures due to the greater thermal mobility
of the water relative to segments of a polymer below its
glass temperature.
Calorimetric scans of epoxy samples containing
known amounts of sorbed water were made from -40 to 300«> c.
This was done in order to study the thermal behavior of the
water in the system as well as to determine the depression
of the glass temperature of the resin by the water. The
results indicate a very effective plasticization of the
resin by water and the apparent non-crystalizability of
the water in the resin. The sorption of small amounts of
water is accompanied by large drops in the glass tempera-
ture and the absence of water fusion endotherms at the
freezing point of water. This was true even at the satu-
ration level of water in the resin system.
Previous calorimetric studies of water-polymer
systems have shown that complex thermal behavior is often
observed for the water- in strongly interacting systems . '^"'^
Lee et. al
.
noted similarly the absence of solid-liquid
phase transitions for the water in low water content hyd-
19
rogels. This effect is generally attributed to the im-
mobilization of water molecules to structural elements on
the polymer. The water that becomes "bound" to the poly-
18
mer is segregated so that a normal phase transition is
not obse rved
.
In correlation to the nuclear magnetic resonance
studies, although secondary layers of adsorbed water mole-
cules have the mobility of liquid water, these water mole-
cules do not aggregate in large enough clusters to permit
observation of a melting endotherm.
C. Glass transition temperature depression
. Finally, we
consider the effect of the sorbed water on the glass transition
temperature of the TGDDM-DDS system. Although thermosets
have been in wide use for a number of years, little work has
been done on the therrual characterization of these materials.
With the exception of heat capacity measurements of phenolic
polymers by various authors , ^^"^^ there is a dearth of sys-
tematic studies on highly cross-linked systems.
In general, cross-linking reactions in resins which
are thermally cured will be quenched when the glass tempera-
ture of the resin system approaches that of the curing tempera-
ture . In cases where the reaction temperature is lower than the
ultimate glass temperature of the fully cured resin, cross-link-
ing may continue if the vitrified resin is heated above the cure
temperature. This behavior is shown in Figure 1.8. Repetitive
DSC scans of the same sample of TGDDM-DDS show that further cross-
linking occurs when the transient T of the resin is exceeded.
The increase in the degree of reaction is accompanied by a
aO
20
corresponding increase in the glass temperature. While
the onset of the glass transition temperature is generally
manifested by a step-wise increase in the heat capacity of
the polymer, at high extents of reaction in the epoxy
resin, the specific heat increment at the glass transition
becomes vanishingly small. Ueberreiter and Kanig have shown
that the change in the linear coefficient of expansion at
Tg in highly cross-linked styrene-divinyl benzene resins
decreases much faster than the increase in T .^^ However
g '
the corresponding effect of cross-linking on the heat
capacity increment appears not to have been commented
upon in the literature. Since the TGDDM-DDS system will
cross-link further when its transient T is exceeded, the
g
onset of the reaction exotherm can be used as a reprodu-
cible indication of the glass temperature of the epoxy
resin
.
24Gordon et. al . have recently derived an expres-
sion relating the glass temperature of a polymer-diluent
mixture to the glass temperatures of the components on the
basis of the configurational entropy theory of glass
formation. Their derived expression was also obtained
from a classical thermodynamic argument by Couchraan and
25
Karasz. The expression was given as:
^g^*^ + (1 - (1.7)
K = AC V AC
P2
^ ^
in Which T^^,
,,,33
^^^^^^^^^^^ J'
--ure.
^^^^
temperatures of the poI,:„er an.
.i,.e„t respectively, ana
K xs a parameter initially adjustable to yieia a best fit
Of the experimental data. However K may also be formally
identified with the ratio
.c^^/.c^^, where
.c^^
,
i.
heat capacity discontinuity at T^^,^ respective;y
. further
discussion Of Equation 1.7 as well as other treatments of
the glass temperature of mixtures wi ni ixAture ll be given in the
following chapter.
using values of T^^ = 483ok for the epoxy resin,
=
134 OK for water^^, and (polymer density) =1.26
gm/ml, a comparison of the calculated and experimentally
obtained glass temperatures of several polymer-water compo-
sitions according to equation 1.7 is shown in Figure 1.9.
The samples were conditioned with an excess of water in
sealed DSC pans at various selected temperatures. The
amounts of water in these samples were determined from
equilibrium weight gain data from the isothermal sorption
studies. The agreement between calculated values of Tgl2
and the experimental data is good when an average value of
K = 0.127 is used to fit Equation 1 . 7 to the experimental
results. A previously mentioned difficulty of character-
izing the thermal properties of a resin system, which has
an ultimate T^ that is above the cure temperature, is the
22
490
470 -
450
430
0.5 1.0 1.5
0, Volume Fraction of Water x 100
Figure 1.9. The glass transition temperature of the
TGDDM-DDS system as a function of water
content
.
continuation of cure when the transient
. of the resin is
exceeded. Hue to the influence of the reaction e.other™
above on the heat capacity curve of the resin, it was
not possible to measure AC^, directly to afford a quantita-
tive test Of Equation 1.7. Although the extent of reaction
had not reached completion in this epoxy system, „e recall
that the specific heat increment at is a strong function
Of the degree of cross-linking. We may expect AC^ in cross-
linked resins of high functionality such as the TGDDM-DDS
system to be small in this sense. An inference may be made
from inspection of Equation 1.7 of a small value for AC
of the polymer relative to that of the diluent. For
^
'^'^pl/^S2 * 1' a nonlinear dependence on the mixture com-
position is predicted for the of the mixture with greater
weight given to the diluent concentration. This means that
for two given polymers with the same concentration of dilu-
ent, the one with the lower ACp will be more effectively
plasticized. However, since AC^ for most polymeric systems
have similar values per unit mass, this enhanced plastici-
zation effect would be apparent in only very highly cross-
linked systems. The relationship between AC and the plas-
ticization increment, dT /dx, will be further explored in
the following chapter.
24
Conclusion
In summary, the results presented above have given
evidence that at low concentrations and ambient tempera-
tures the sorbed water is site-bound in a model epoxy-
diamine resin system. The tendency for specific site in-
teraction is diminished with increasing temperature. it is
appropriate at this time to give further discussion on the
nature of the interaction of water with hydrophilic poly-
mers. The notion of bound water is one that is commonly
invoked to account for strong perturbations often observed
for the thermodynamic properties of the sorbed water in
17-19polymers. we have shown that the apparent immobiliza-
tion of the absorbed water is likely a consequence of in-
teraction with a polymer substrate which is below its glass
temperature. Indeed the thermal stability of the water-
polymer bond is not greater than that of liquid water as
implied by the infrared results. Supporting evidence is
given by the colorimetric data of Hoeve and Kakivaya as
well as Pouchly et. al. which show again that the thermal
stability of water bound to a polymer is not larger than
26 27that of bulk liquid water. ' Furthermore, we may con-
sider the results of Ogiwara et. al.^^ These authors
studied the change in the NMR line width of cellulose as
a function of the sorbed water content. A boundary temper-
ature T^ was defined below which the water had no apparent
Teffect on the NMR line width of the polymer or was con-
sidered bound to the polymer. Correlation was made to
with the plasticized of cellulose containing the water.
In this way, the various physical manifestations of bound
water in polymers may be understood as an artifact of the
glass temperature of the polymeric substrate. That is, at
temperatures below the effective glass temperature of the
polymer, all segments of the polymer are inhibited from
movement and interacting small molecules will be expected
to display a high degree of immobility as well. This ex-
pectation is in accordance with the various experimental
results
.
The analysis of the effect of sorbed water on the
glass transition temperature of the model epoxy system
imply that the unusual effectiveness of the plasticization
of the resin (by water) may be accountable by a thermo-
dynamic consideration of the properties of highly cross-
linked network systems rather than the existence of any
specific interaction between the water and the resin system
These thermodynamic considerations will be the topic of
further discussion in' the following chapters.
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CHAPTER II
THERMODYNAMICS OF NETWORK PLASTICI ZATION
The glass transition temperature is a characteris-
tic of all substances which may be supercooled from the
liquid state without the intervention of crystallization.
The glass transition represents a threshold temperature
below which the relaxation times for structural rearrange-
ments exceed the time scale of any conventional observation.
Experimentally, the transition is marked by the attainment
of a characteristic value of viscosity. According to
Turnbull,! a common value for the steady flow shear viscos-
ity for simple liquids measured at Tg is 10^3 p. Thermo-
dynamically, the glass transition is accompanied by changes
in the slopes of the extensive variables (S, V) while an
incremental discontinuity is observed for their first
derivatives (Cp, a). 2 This is shown in Figure 2.1. Whether
the glass transition is purely a kinetically derived pheno-
menon3/4 ^he retarded onset of a true thermodynamic
transition^ is still a topic of rigorous discussion.
The importance of the glass transition as a material
property is understood in terms of the loss of rigidity
which accompanies the transition. A drop of several decades
in the modulus from a common value of lO"'""'" dynes/cm^ at T is
g
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TEMPERATURE
TEMPERATURE
Figure 2.1. Behavior of the
extensive variable
(S, V) and their
first derivatives
about T .
g
usually Observed above the transition temperature . 6 Hence,
the glass transition temperature is often a key factor in
^
determining the usefulness of a given material.
The glass transition temperature of polymers have
been most intensively studied as functions of diluent con-
tent and pressure. it is generally the former that is an
'area of more immediate pragmatic interest. m this connec-
tion, the compositional variation of the glass transition
temperature in polymer-diluent systems will be discussed
with special emphasis on network systems.
^ Treatments of the compositional variation of in
in mixtures. Until recently, previous discussion of the
compositional variation in Tg of polymer-diluent systems
have generally been presented on semi-empirical bases.
Earlier relationships which were used to predict mixture
Tg's were originally derived for the glass temperatures of
copolymers. 7-9 Gordon and Taylor^ for example introduced
an equation relating the glass temperature of a copolymer
to the Tg's of the pure mers. The relation took the form of
Ml (TgL2- Tgi) + M2K (Tg^- Tg2) = 0 (2.1)
in which the M-^
' s are the component weight fractions and K
is a constant. The equations of Fox^ and Wood^ are of
similar construction and Pochan et al.^^ have shown that
these equations may be inter-related to each other by vari-
31
ou£ assumptions
.
Kelley and BuecheH extended the discussion of free
volume as given by Williams et al.l2 to produce equations
predicting the composition dependence of viscosity and T
for polymer-diluent systems. By assuming the linear
additivity of the free volumes of both components at Tg, the
glass temperature of the mixture is related to the T 's of
the pure components by
Tql2 = ^°'l'^l'^gl ^°'2(1 - <l'l)Tg2
— 12 2)
in which
<t>i is the volume fraction of component i and Aa^
is the difference between the thermal expension coefficient
of component i above and below T .
.
Braun and Kovacs^^ further refine the free volume
approach to mixture Tg's by including an additional constant
to allow for the effect of the excess volume of mixing on
the total free volume of the mixture to give
T
-.o = ^°'l*l'^gl + ^^2(1 -<J>l)Tq2 + Ul<^2gl2
— (2.3)
Aaj_<})2 + Aa2 (1 - ({)]_)
here -K = ) /*l4>2 ^ in which is the ratio of
the excess volume of mixing to the linear average of the
free volumes.
While these relationships have been applied with
32
success to certain systems, the validity of the iso-free
volume representation of the glass transition from which
they were derived is in question. indeed the densification
of glasses formed by cooling under high pressure is clearly
a violation of the constant free volume at Tg principle.
More recently, Pochan et al.l^ proposed the empir-
ical relation
In Tgi2 = Wiln Tgi + W2ln Tg2 (2.4)
which results from the curve-fitting of plasticization data
for a number of binary mixtures. The • s are the weight
fractions of the pure components.
Gordon et al.-"-^ approached the problem from the
conf igurational entropy viewpoint of glass formation set
forth by Gibbs and DiMarzio.^^ This approach requires the
numerical evaluation of non-linear equations, utilizing
polynomial representations of available Cp data of the com-
ponents, for fixed values of mixture composition. A simple
analytic form for the mixture T however may be obtained by
assuming ACp(T) = Constant/T, from which
T = ^i^gi (1 - ^1^ Tg2Kgl2 1
Xi + (l-Xi)K
(2.5)
K =^
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where X is the mole or weight fraction of each component.
We can see immediately that equation 2.5 is of the same
form as the Kelley-Bueche equation. Although these relation-
ships were derived from different criteria, the same formal
dependence of the mixture Tg on the molecular properties of
the pure components is predicted. Hence the success of
earlier empirical equations of similar construction may be
rationalized on the basis of established treatments of the
glass transition.
1 cCouchman and Karasz"^'^ by using a classical thermo-
dynamic interpretation of the glass transition derives
T T
X^AC^ln -Ih X2iC jln -li^= 0
Tgi2 (2.6)
and
X^Aai (Tg^- Tgi^)+ X2Aa2 (T^^^- Tg^) = 0 (2,7)
In these equations, is the mole or mass fraction of
component i, AC • is the incremental specific heat and Aa^^
is the incremental expansivity at Tg of pure component i.
Relations 2.6 and 2.7 were obtained by assuming a) a
continuity at Tg of S and V respectively for both components
and mixture, b) that the entropy and volume of mixing are
negligibly small, and c) that the heat capacity increments
at T are temperature independent.
g
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If the glass temperatures of the pure components
are not greatly different, the logarithmic terms may be
expanded in the usual manner to yield an equation that is
formally identical to equations 2.3 or 2.5.
It is expected that the accuracy of relations
2.6 and 2.1, as well as those given previously, will be
limited by the validity of the approximations used in their
derivation. It is recognized for example that in general,
the excess entropy or volume of mixing will not be zero.
However, there are no simple analytical forms by which these
quantities may be represented by without recourse to the
inclusion of additional arbitrary parameters
. Relations
2.6 and 2.7 are useful as simple first order approximations
of mixture Tg's which require a few number of variables.
An important correlation, from consideration of the
formal dependence of the equations given above, is related
to the experimental observation that for a given chemical
system, the quantities ACp and Aa decreases markedly with
increasing cross-link density. As far as we know, this
fact has not been previously specifically stated in this
context, though data has been available for some time.-'-^'
For example, Ueberreiter and Kanig^^ showed that in the sys-
tem styrene-divinyl benzene, the rose from about 350°K
to about 4 30° K as the divinyl benzene content of the polymer
was increased from zero to 15 mole %. Concommi tantly , the
data indicates that Aa at Tg decreases from 3 x 10"'^ to
2 X 10-4 oK-1. Similarly, Martin and MandelkernlB showed
that for natural rubber vulcanized with up to 30% sulfur,
the expansivity increment at Tg decreased from 5.5 x lO'^
to 2.9 X 10-4. The variation in the Aa was accompanied by
a change in Tg from 204ok to 363ok. Elsewhere Moy and
Karaszl9 have recently demonstrated that the corresponding
effect of cross-linking on the heat capacity increment is
observed as well. The implication of the decrease in AC
P(and in Aa) is apparent from consideration of equations
2.5 through 2.7. As the cross-link density of a network
increases, the effectiveness of plas ticization by a given
amount of diluent increases correspondingly; the system
becomes more sensitive (in terms of Tg depression) to
small quantities of diluent. At this point a consideration
of the origins of ACp at Tg is relevant to our discussion.
B. The incremental specific heat at Tg
. The isobaric ex-
cess specific heat at the glass transition is associated
with the sum of the degrees of freedom or structural fea-
tures that are frozen in the glassy state. The loss of
the conformational specific heat was generally thought to
account for if not all then the major portion of the change
in the heat capacity at Tg. Roe and Tonelli^*^' 21 have
recently evaluated the contribution of the conformational
and torsional specific heat of polymer main chains and side
groups to the specific heat difference between the liquid
and glassy state. It was concluded that the sum - of these
contributions is still much less than the experimentally
observed values of Ac
.P
^
Goldstein22 has proposed that in addition to that
portion of ACp which arises from the freezing of config-
urational states at T^, the specific heat increment also
contains significant contributions from non-conf igurational
sources. Among these sources of the excess specific heat
of the liquid he listed 1) changes in the lattice vibra-
tional frequencies at T^, 2) changes in the anharmonicity
of vibrations at T^, and 3) the numbers of molecular groups
participating in secondary relaxations. By analyzing the
low temperature calorimetric data of Chang and Bestul on
six quenched and annealed glasses, he concluded that at
least half of ACp arises from the above sources. This
proposal is in qualitative agreement with that of Roe and
Tonelli .21
Recently DiMarzio and Dowell^^ derived an expression
for ACp by incorporating lattice vibrations into the Gibbs-
DiMarzio configurational entropy theory of glasses. The
expression was given as
ACp =R^ f(l - f) + RTAa (4 - 0 . STAaCp (Tg-
)
(2.8)
in Which AE is the difference in energy between conformers
of flexed and unflexed main chain bonds, f is the fraction
of flexed bonds, Cp(Tg-) is the heat capacity just below
the glass temperature, and R, k, T and Aa have their usual
meanings. The first two terms are configurational and
arise from the changes of flexing and of the number of
holes in a lattice with temperature. The third term is
a vibrational contribution arising from the change in the
lattice frequency at the glass transition. Previously,
DiMarzio^^ proposed that
Aa(X)Tg(X) = Aa(0)Tg(0) (2.9)
that is the product of the incremental expansivity and Tg
is constant for a linear polymer system (0) in which cross-
links are introduced (X)
. On the basis of this criterion,
the last two terms of equation 2.8 are approximately cons-
tant. The remaining term then predicts that as the config-
uration of the system becomes fixed through chemical bonds,
the value of ACp will become fixed as well.
The epoxy resin, formulated from tetraglycidyl
4 , 4 ' -diaminodiphenyl methane (TGDDM) and the 4 , 4 ' -diamino-
diphenyl sulfone (DDS) , when fully cured give rise to a
highly cross-linked system with a AC that was too small
to be measured . Since AC^ is strongly dependent on the
cross-link density, it was desirable to produce resins of
fixed structure (i.e. fully cured) with varying degrees
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Of cross-Un.in, in or..r to stuay this e«ect.
.He sim-
plest way Of altering the „oss-Xi„.
,ensit. in a netwo..
system is to incorporate an aaaitional component of lower
functionality. m this way, tdddm is reacted with a
stoichiometric mixture of aniline (Al ;,n^ ^ k ,j.4.j.ne ) and p-phenylene di-
amine ,PD,
.
The structures of these curing agents are
Shown in Figure 2.2. An epoxy composition designated by
(7:3), for example, means that based on a full equivalent
weight Of 10 for the TGDDM monomer, the curing mixture con-
tains 7 equivalent weights of aniline to 3 equivalent
weights of p-phenylene diamine.
The thermal properties of these epoxy resin compo-
sitions are given in Table 2.1. As seen from the data, for
these resin compositions, the glass temperature increases
by 60°K while the incremental specific heat and expansivity
decreases to about one third as the degree of cross-linking
is increased.
Results from a second network system of varying
cross-link density, based on styrene (S) copolymerized
with different amounts of divinyl benzene (DVB)
, are shown
in Table 2.2. in this. case, the glass temperature increases
by approximately 30-K while AC decreases to about one third
with the inclusion of 12% divinyl bezene in the network.
Although the theory of DiMarzio and Dowell^"* is not
in quantitative agreement with the data given in Tables 2.1
and 2.2, the theory correctly predicts the behavior of the
39
TABLE 2.1
THERMAL PROPERTIES OF EPOXY RESINS
Resin
Composition
(A:PD)
10:0
9:1
8:2
7:3
6:4
5:5
(°K)
412
430
442
446
456
472
ACp
{J/qm-°K)
0.35
0.31
0.28
0.26
0.23
0.13
Aa
(°K-1)
7.05x10""^
5.01x10-4
2.73x10-4
2.43x10-4
2.45x10-4
2.40x10-4
TABLE 2.2
THERMAL PROPERTIES OF S/DVB RESINS
Resin
Composition Tg(OK) ACp (J/gm
polystyrene 379
2% DVB
4% DVB 384
8% DVB 387
12% DVB 405
0.27
0.24
0.20
0.12
0.10
vibrational contribution to the heat capacity. Consider
that in the limit of high cross-linking, the poly.er net-
work may be approximated by a rigid lattice. We would
expect the configurational effects to be minimal and the
vibrational modes to become an important part of the iso-
baric heat capacity. By taking into account only vibra-
tional contributions, the theory predicts that the rate of
increase of the heat capacity will be less above the T
than below it. This qualitative trend is in accordant
with experimentally results as shown by Figure 2.3 in which
the ACp behavior about the glass tansitions is shown for
two epoxy resin compositions. Note that this effect is more
apparent in the more highly cross-linked composition in
which the vibrational contributions are dominant.
Various empirical relations have been proposed for
the thermal properties at the glass transition, Simha and
25Boyer suggested that
AaTg = = 0.113 (2.10)
^Vg " ^2 J/g^ (2.11)
These relationships wqre considered as a measure of the
fraction of the volume available for the (thermal) motion
of the molecules in the glassy state. The invariance of the
products is a result of the assumption of constant free
volume at T . Operationally, these relationships have been
y
26 27shown to be only marginally correct. ' Clearly though,
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Figure 2.3. DSC thermograms of two epoxy
compoGitLons having different
cross-link densities.
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- -^Xes
..3 ana . .
that the incremental specific heat at the glass temperatureper unit "bead" is constant. That is
^^p ^ 11-5 J/mole-bead-°K
in Which a bead is the smallest moveable structural l[T
that contributes to the heat capacity. xt can be arguea
that as a cross-lin.ed syste™ beco.es ™ore tightly bouna
the size Of the "equivalent bead" increases ana hence thl
ACp per unit .ass win decrease in parallel. m this way
the decrease in AC^ .ay be reconciled with Wunaerlich's
proposal. Fro. Tables 2.3 and 2.4 we see necessarily that
the structural bead unit increases with an increase in the
cross-link density.
The correlation between the loss of AC at T and
the average molecular weight between cross-links
.ay\e
.ade through swelling measurements. Flory^^ has derived:
-'-<-2j-.m^X,v,„^> = <^)U-^^-).,V3.%,,
.
(2.13)
for a network polymer swollen by a solvent in which v.2m
is the volume fraction of the solute at swelling equilibri-
um, Xi is the interaction parameter, v^ is the molar volume
of solvent, v the specific volume of polymer, M is the
molecular weight of a monomer unit, and M is the molecular
Of
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TABLE 2.3
THERMAL PROPERTY RELATIONSHIPS OF EPOXY RESINS
Resin
Composition
^^P^9(A:PD) (J/gm)
10:0 144.2
9:1 133.3
8:2 123.8
7:3 115.9
6:4 104.9
5:5 61.4
g (gm/mol-bead)
0.29 32.5
0.21 37.2
0.12 40.3
0.11 44.0
0.11 49.0
0.11 91.3
t
TABLE 2.4
THERMAL PROPERTY RELATIONSHIPS OF S/DVB RESINS
Resin
Composition
polystyrene
2% DVB
4% DVB
8% DVB
12% DVB
ACpTg(J/gin)
102.1
90.7
76.8
46.4
40.5
11.5/ACp
(gm/mol-bead)
42.6
47.9
57.5
95.8
115.0
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weight between cross-link points. since knowledge of
Xi, the interaction parameter, is necessary, calculation of
for the epoxy resins cannot be readily done. Styrene-
divinyl benzene networks however, are well characterized
systems. The average molecular weight between cross-
links may be calculated using:
_1
_ . ^ 51
V2m " " Pi Pi <2.14)
where q is the volume ratio of swelling, q is the weightV w ~
ratio of swelling, and
^1^2 densities of the solvent
and that of a solution of 1 and 2. Using values of v=0.952,
vi=105. 6, x=0. 38, pj^=0. 872 and P2=0.978,^° the calculated
average molecular weights between cross-links, M^, and the
average number of monomer units between cross-links for
S/DVB resins are given in Table 2.5. Not surprisingly, ACp
becomes vanishingly small when the average number of monomer
units between cross-links in the network approachs 2. If
we consider only a two state model for the conformation along
the main chain, the minimum number of bonds necessary for
a conformational change is 3. This requires that there be
at least two adjacent styrene monomer units between cross-
link or tie points which may restrict the movement of these
bonds
.
C. Plasticization relationships in network-diluent systems .
As previously mentioned, inspection of the equations relat-
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TABLE 2.5
AVEH.CE MOLECULAR WEIGHT BETWEEN CROSS-LIKKS IN S/OVB RESINS
Resin
Composition M_ Styrene Units
.
^ Between Cross-links
2% DVB 2884 27.7
4% DVB 1505 14.5
8% DVB 450 4.3
12% DVB 219 2.1
ing the Tg of a mixture to its component composition and
realization that the quantities ACp and Aa are strong
functions of the degree of cross-linking results in the
implication that the effectiveness of a given amount of
plasticizer will increase as the degree of cross-linking
increases in network systems.
A complementary viewpoint of this effect is arrived
at by considering instead of the compositional dependence
of Tg, the rate of change of Tg with composition, (dTg/d^^)
,
through a treatment of the glass transition temperature
analogous to the usual discussion of the pressure dependence
of Tg. While the effect of pressure on Tg has been amply
discussed in relation to the validity (or otherwise) of
the classical Ehrenfest relations, the analogous relation-
shipp which exist for the composition dependence of Tg have
not received wide consideration. This approach has been
31dealt with by Moynihan and Angell and Landau and Lif-
schitz.-^^ If the glass transition is treated as a second-
order phase transition in the Ehrenfest sense, then the
molar entropy, molar volume, and other molar parameters will
be continuous while their derivatives become discontinuous
at the transition. 33 jf v/e let lines ABC and DEF represent
the projection of the reversible entropies of the pure
component and of a mixture about the glass transition temp-
erature onto the S, T plane as shown in Figure 2.4. The
Variation of the entropy in mixtures
as a function of the composition
about T .
g
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phase transition line as a function of the composition is
represented by the line EB. Continuity of the entropy for
the glass and liquid at points E and B require that „e
•^-^
^Eg = S^l = S3, and that S^^ - s,^ = s,, - s,,
m which the subscripts g and 1 refer to the glassy and
liquidus states respectively. From which
'3f^*^ + <3^^'t
= dT + (2.15)
and
(2.16)
P
A corresponding equation
gl
_
- A^SxV
~d^ - -— (2.17)
arises from consideration of the volume continuity condition
8 S 9 VThe terms and represent the changes in entropy and
volume of the major component by the addition of the second.
A refers to the difference in these quantities above and
below T .
g
Relations 2.16 and 2.17 may be alternatively derived
through a geometric argument. We again consider Figure 2.4,
and let the slopes of the lines in the vicinity of be
approximated by C^^/T and Cp-^^/T. The entropy of the mixture
IS given by
for T < Tg' and
^1 = ^ - T) ^Pl (2.19)
for T > Tg
.
At T=Tg
,
Sg =S^ thus again yeilding equation 2.16.
An equivalent argument using the projection from V, T, X
space onto the V, T plane results in equation 2.17.
Equations 2.16 and 2.17 are formally identical
to the Ehrenfest relationships
dTg^ TVAg
S (2.20)
and
dTg^ A6
dP Aa (2.21)
which are derived in a similar manner using pressure rather
than the concentration of a second component as a variable.
The apparent non-validity of equation 2.21 has been
dealt with in many previous publications . ^'^"36 Experimen-
tally one generally finds that
dTq TgVAg A3 (2.22)
dP AC„ ^ Aa
The failure of equation 2.21 is attributable to deviations
fro. Classical ther.odyna.ics as a result of ti.e-dependent
phenomena. That is to say, glasses prepared by cooling
under different pressures will not have the same volume.
Equations 2.16 and 2.17 are constrained by the same condi-
tions though the effects are less readily demonstrable,
in principle it would be possible to measure for example
^J^'g^ simple isothermal volume measurements of a series
of polymer diluent mixtures. It is not possible to prove,
however, that the thermodynamic cycle is path independent,
that is to say that the pure polymer at T < Tg produced by
the separation of the diluent from the glassy state would
be identical to the starting material. To this extent,
therefore, the validity of equations 2.16 and 2.17 are
compromised in the same manner as are equations 2.20 and
2.21.
It is also readily shown that equations 2.6 and
2.7 represent special limiting cases of equations 2.16 and
2.17 in which a) the isothermal entropies (or volumes) of
mixtures of component 1 and 2 at any temperature are
defined as the linearly additive entropies (volumes) of the
pure components and similarly b) that the heat capacities
(expansion coefficients) of the respective mixtures are the
linearly additive Cp's (ot's) of the pure components. If
equation 2.6 is expanded about T - Tg^ where component 1 is
the polymer and 2 is the diluent, for X2«l then
In (Tg/Tgi) (T-Tgi)/Tgi and
A^l (^Cpl.l^^V^g2^^ (2.23)
the same formal dependence of dTgi/dx2 on Tg^^ and ACp^ is
again established.
The effect of a disproportionate decrease in AC
P
to the increase in Tg with cross-linking on the plasticiza-
tion behavior of a network system is illustrated by Figure
2.5. A plot of the reduced temperature, T /T
-, ,
as a
function of the concentration of the diluent is given
according to equation 2. 6. Using Tg-,^/Tg2 = 2 and varying
ACp2/ACp-|^ from 1 to 10, it is apparent that while a near-
linear dependence on is predicted for when AC^9/AC =
z g P^' pi
1/ the slope of the curve, dTg-|_/dx2, increases markedly
for ACp2/ACp]^ >1 about T^^^. From relations 2.16 and 2.17
we see that both increases in Tg^ ^nd decreases in ACp^^
lead to greater dTg2/dx2. Operationally, the variation in
ACp tends to be greater than that for Tg with cross- link-
ing. For the TGDDM derived epoxy resins, AC decreases
ir
to one third of its initial value with an increase of 60°K
in Tg. Hence we may expect a correspondingly larger
contribution to dT^/dx from the AC term than the Tq term.
g P y
Thermodynamic effects of the type discussed above
have indeed been reported in widely differing circumstances.
« 1 »-l/tJ 1
0 0.05 0.1 02 0.5 0.8 1.0
Figure 2.5. Reduced mixture Tg vs. com-
position (-) K = 1 ;
(~) K = 2.5; (— ) K = 7.5;
( ) K = 10 ; where
K = ACp^/ACp, .
It is well known for example that highly cross-linked
epoxy polymers are unusually sensitive to small traces
of dissolved moisture.l9 we can attribute this to charac-
teristic effects arising from a thermodynamic basis rather
than to any specific interaction of the diluent with the
epoxy. A corrollary of this thesis is that the Tg sensi-
tivity is affected by the nature of the diluent only to the
extent that the T^'s and Ac^'s etc. of the diluents them-
selves may vary somewhat. This variation in fact is minor
compared with the effects of the ACp of the polymer. An
example of this is contained in a recent determination of
the Tg of the cross-linked biopolymer elastin and of its
mixtures with water and ethylene glycol. 37 dTg/dx of these
systems was remakably large, 15°K per weight percent dil-
uent, but apparently identical for the two diluents.
Finally we may consider the special case of semi-
crystalline polymers. In a few cases the quantities Ac
P
and Aa strictly adhere to a two phase relation in which
these parameters are proportional to the amorphous content.
However, in many cases Ac is far lower than would be pre-
P
dieted by a two phase delation. This effect is related
to a morphologically derived "physical cross-linking" of
the amorphous component by crystalline-amorphous interface
interactions. In such cases, an unusually high sensitivity
of Tg to diluent should be observed (unless the presence
of the diluent itself facilitated a relaxa^-
.
.
^ ^
tion along the
^nter.ace per.ittin. a
.eturn to two p.ase
.e.avior)
..e
-St obvious exa.pxe of s.ch a sensitivity is in poi;.
amide-water systems. Although precise m..^ measurements of AC
as a function of the deor*.*^ r^P ^gree of crystallinity has not been
previously reported, indications are that Ac ^n Cp m polyamides
are suppressed as in other semi-crystalline polymers. 39-41
A typical measurement of dT^/dx yields a value of about
15°K per weight percent sorbed water.^^ it is noted however
that smaller amounts of water have a proportionately larger
effect on dT^/dx than at higher concentrations . 42 The
conventional view is that the unusual plastici^ation of
nylons by water is due to the disruption of inter-chain
hydrogen bonds. However, Starkweather" has found that
the initial sorption of water in nylon 66 is accompanied
by a densification of the polymer. This implies that the
water is sorbed in such a manner as to permit a more effic-
ient packing of the chains. This is in contradiction to the
notion of plasticization caused by the addition of free
volume introduced by the diluent or by the enhanced mobility
of the chains due to the disruption of the constraining
hydrogen bonds. Such a process however, is consistent with
the propositions that we have outlined above.
°^ Summary Elemental consideration of complementary
approaches to the compositional dependence of the glass
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transition temperature in mixtures result in •
that ^-ho inferencethe unusual effectiveness of r.iplasticization observed
ce.,3in pol^er-.n.en. 3..te.s
.e
. consequence o.
.nherent property changes that occur „ith chemical or
physical cross-linkina tHtoicmg. This supposition rests on the ex-
perimental observation that for systems of k • khigh cross-link
density, the incremental changes in the therrr,.!y -La n e mal properties
at become vanishingly small. Through discussion of
various relationships given above, we showed that the rate
Of Change in the glass temperature with composition, dT /dx
IS formally dependent upon these incremental quantities!
The apparent loss of the excess degrees of freedom by the
highly cross-linked polymeric liquid above T^ may be under-
stood in terms of the two parameter treatment of the glass
transition of Gibbs and DiMarzio^ if we assume that AC
(and Aa) arises from both inter- and intramolecular contri-
butions, then the intramolecular contribution is diminished
by the freezing-in of conformational states by cross-links
while the intermolecular contribution is decreased by the
internal pressure of the network which effectively squeezes
out the holes unoccupied by the polymer in the lattice of
the system. '^'^'^^
An ancillary point is arrived at by the considera-
tion of equations 2.16 and 2.17. Aside from AC and T
P g
(or Aa and V) the plasticization increment, dT /dx, is also
g
dependent on the term A (||) (or A (|^) ) . This means that
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in the cases where the introduction of a second component
result in large changes in the configurational freedom of
the system, e.g., where the diluent is able to disrupt ex-
tant hydrogen bonds in the system, a greater plasticization
effect will be observed. Conversely, the change in the
configurational entropy or volume with composition may also
be negative in sign. If the second component is able to
complex with or stiffen the existing system so that there
is a net decrease in the configurational freedom of the
system, then the of the mixture may be higher than that
of either pure component. This type of effect has indeed
been shown by the data of Lesikar'*^ in his studies of the
glass temperatures of organic halide-alcohol mixtures.
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CHAPTER III
PLASTICIZATION OF EPOXY NETWORK POLYMERS
Introduction
Studies of the interactions of water with a model
epoxy resin were presented as introductory text to this
work. These investigations were conducted to assess the
possible role of specific site interactions in the unusual
plasticization of epoxy resins by small amounts of water.
The findings were discussed in relation to experimental
observations of "bound water" in hydrophilic polymers. One
result of the sorbed water in the epoxy polymer is the al-
teration of the extant hydrogen bonds in the system. The
chemical dependence (i.e., cross-link density) of the ther-
mal properties at T^ of the epoxy resin formulated from
tetraglycidyl 4 , 4 ' -diaminodiphenyl methane (TGDDM) and
4 ,
4
'
-diaminodiphenyl sulfone (DDS) led to the discussion
of the thermodynamics of network plasticization considered
in Chapter II. Aspects of the derived equations were de-
veloped with respect to several polymer-diluent systems.
Qualitative comparison of the plasticization relationships
to experimental data obtained from epoxy resins of fixed
chemical structure are presented in this chapter. Also
considered win be the effect of structural v •
.
,
'^ructur variations onthe corptxon characteristics of epoxy resins.
ExperijTiantal
Epoxy resins of varying cross-linK density were
prepared by reacting tetragXycidyl 4
, 4
.-dia.inodiphenyX
methane with stoichiometric fixtures of aniline and
P-Phenylene diamine ,PD) as described in the previous chap
ter. The epoxy diamine mixtures were conditioned at 60-c
for 1 hour to facilitate blending of the components. The
mixtures are then heated to and
.ept at 225»c for 24 hours
to effect full cure. By allowing each of the mixtures to
reach completion of reaction, the problem of transient ef-
fects in subsequent calorimetric studies, i.e., continua-
tion of cure during a calorimetric scan, is circumvented.
The resins were cured in aluminum pans and yield samples
of 25 to 50 mils thickness.
The densities of these resins were determined
using density gradient columns. The results were in good
agreement with those from pycnometer measurements.
The apparatus used for the isothermal sorption
studies were as described previously in Chapter I. The
weight uptake of water in the system is determined by
monitoring the extension of quartz spring-sample assemblies
with cathetometers. The results are plotted as functions
of the partial pressure of the water in the system.
All calorimetric studies were conducted using a
PerKi„-El.er OSC II. Heat capacity increments were deter-
mined according to the following procedure, scans of pre-
weighed samples ax^ „ade in the usual manner. The de-
flection from the baseline of extrapolated straight lines
drawn immediately above and below the transition are cali-
brated to the heat capacity values of sapphire disks of
known weight. The specific heat increment is given by the
difference between the heat capacity above and below the
transition.
Glass transition temperatures were measured using
stainless steel large volume DSC pans. The glass transi-
tion temperatures in these studies were taken as the onsei
of the change in the heat capacity curve with temperature,
that is the temperature defined by the intersection of
straight lines drawn along the slope below and through the
transition.
The diluent is introduced into the sample by immer-
sion. The amounts of the diluent in the samples were de-
termined by weighing. It was found that at scan rates of
20°/min, the evolution" of the diluent from the sample was
slow enough so that consecutive heat-cool-heat scans from
room temperatire to the T of the mixture yielded experi-
y
mental values of the glass temperature that were within 5
degrees of each other. Therefore, a good approximation of
the amount of diluent present during each T determination
g
is just the initial content of the diluent.
Results and Discussion
-
•
^'^^""^^ properties. The characteristic properties of
epoxy resins derived fro™ the reaction of TGDDM with mix-
tures of aniline and p-phenylene diamine were given pre-
viously in Table 2.1. The effect of cross-linking on the
glass transition temperature of network polymers has been
discussed in the literature. For example. Fox and
Loshaek^ proposed from free volume arguments the relation
ship
a rroo
in which is the glass transition temperature for an
infinitely long straight chain polymer to which cross-links
connecting random segments of the chain are added, M is
the molecular weight that the polymer would have if all
the cross-links were severed, n is the number of cross-
links per unit mass, and and K2 are constants for a
particular polymer system. DiMarzio^ derived the relation-
ship
T(x) - T(0)
_
Kx
T(0) 1 - Kx (3-2)
on the basis of the configurational entropy theory of glass
formation. Here T(x) and T(0) are the transition temper-
ature of the cross-linked polymer and the corresponding
straight chain molecule respectively v i.x i , X IS the cross-link
density, and K is a constant. These relafi. •xn t onships predict
Tg as an increasing monotonic function of the cross-link
aensity in the resin system. Although these relationships
were derived for systems of only moderate degrees of cross-
linkmg, their predicted behavior is apparently also
Obeyed for systems of high degrees of cross-linking. This
xs Shown by the results from the epoxy compositions studied
here as indicated by Figure 3.1. The validity of these
equations was also shown by the data of Ray^ in a study of
the glass temperatures of highly cross-linked phosphate
network systems. if the assumption is made that the cross-
link density in these epoxy resins is directly proportion-
al to the concentration of functional groups in the resin,
then the rise in T^ is proportional to the degree of cross-
linking. Quantitative evaluation of the composition de-
pendence of Tg to the cross-link density as according to
equations 3.1 or 3.2 requires the determination of various
arbitrary constants (K^, k^, and K) which do not provide
additional insight to these results.
The variation in AC^ with cross-linking, shown in
Figure 3.2, has been discussed in the preceding chapter
and is found to be not proportional to the rise in Tg'
That AC decreases faster than the increase in T is shown
^ g
by the fact that the product AC T is a decreasing function
of the degree of cross-linking. This is shown in Figure 3.3
Figure 3.1. T vs
. epoxy resin compos
0.1
Lj 1 L i
100 91 82 73 64
RESIN COMPOSITION (A:PD1
Figure 3.2. Variation in AC at T with epoxy
composition. ^ ^
Figure 3.3 The product AC T vs.
P g
resin composition.
epoxy
Although conceptually simple, if ,c (or A.) i.
solelv P ' " consideredy as a consequence of the freezing in of a fiot
<^i-^-i-c^ J. c ivestate, at present, the quantitative variati.-ve on in AC or Arynot accurately predicted by any theory.^^8 ' .
^^^-^^^^^^^^^2^^1-§2£Eti^ water .T~ ^^-^^^^^^^il_epoxil_re^ Sorptionisotherms of the v^r-irM,^ar ous epoxy compositions measured at
aifferent temperatures are shown in Pigures 3.4 through 3 ,These isotherms reflect changes in the sorption hehavior
Of these epoxy resins due to variations in
.oth the chemi-
cal structure as well as the cross-link density. Por
clarity in comparison, a composite of the 25-C isotherms
.3 Shown in Pigure 3.10. The number of polar groups and
the cross-link density is dependent upon the concentration
Of functional groups (epoxide and amine, in the resin. By
incorporating more p-phenylene diamine in the TGDDM-A/PD
resins, both the cross-link density as well as the number
Of polar groups in the resin are increased. Prom Figure
3.10, we see that the net result is an increase in the
equilibrium uptake of water with increasing PD content,
we may examine the relative contributions of these two
effects by considering just the effect of increase cross-
link density while the number of polar groups is held con-
stant. In Figure 3.11, the equilibrium regain of water
for samples of TGDDM cured with diaminodiphenyl sulfone at
different temperatures are shown. By curing samples of the
10 0 RESIN
Figure 3.4 Isothermal sorption plots of
water in the 10:0 epoxy resin
composition
.
Figure 3.5. Isothermal sorption plots
of water in the 9:1 epoxy
resin composition
.
Figure 3.6 Isothermal sorption plots o
v;ater in the 8:2 epoxy resi
composition
.
Figure 3.7. Isothermal sorption plots of
water in the 7:3 epoxy resin
composition
.
1.0
WT.
0.5
25*'C
50°C
75°C
125^^:
0.5 1.0
Figure 3.8 Isothermal sorption plots
of water in the 6:4 epoxy
resin composition
.
Figure 3.9, Isothermal sorption plots of
water in the 5:5 epoxy resin
composition
.
25°C ISQTHERMQ
5:5
I
0.5 1.0
3.10." Composite of isothermal
- sorption plots of epoxy
resins of different
compositions
.
"ture (**C)
^150
10 - 0 177
• 190
weight
gain (%)
0.5
0
partial pressure
Figure 3.11. Isothermal sorption of water
in the TGDDM-DDS system as a
function of the cure
temperature
.
80
resin below the ultimate of the network, the extent of
reaction and hence the degree of cross-linking may be
controlled by changing the cure temperature. By increasing
the cure temperature, the cross-link density of a TGDDM-
DDS sample is increased while the total number of polar
groups is held approximately constant (since the chemical
composition is fixed). From Figure 3.11, the equilibrium
amount of water sorbed is decreased by an increase in the
cross-link density. The results presented in Figures 3.10
and 3.11 indicate that although an increase in the cross-
link density inhibits the sorption of water, the relative
number of polar groups in an epoxy resin is more important
in determining the sorption characteristics of the resin.
Calculated values of the heats of sorption^ of water in
three TGDDM-A/PD resins show accordingly that the sorption
process becomes more exothermic with an increase in the
number of hydrophilic groups (increasing PD content) in the
resin system. These results are shown in Figure 3.12.
Furthermore, calculations of cluster integrals^ show that
the tendency for site binding of water in these resins is
increased by an increase in the number of polar groups as
would be expected. Calculated from points taken from the
25°C isotherms, cluster integrals of three resin composi-
tions are shown in Figure 3.13. As the hydrophilic content
of the epoxy composition increases (from an aniline to
p-phenylene diamine weight ratio of 10:0 to 5:5) the
FROM 25°C ISOTHERMS
WT. % WATER
Figure 3.12. Heats of sorption of water in
epoxy resins of different
compositions
.
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cluster functions assume n,ore negative values which is
indicative of the tendency for site binding i„ the water-
polymer system.
C. Glass tempera_tur^JeEression^^;_di^^
tion in the glass transition temperatures of TGDDM-a/pd
resins as functions of the water content are shown by
Figures 3.14 through 3.19. The plasticization data for
three resin compositions are shown in a composite plot for
comparative purposes in Figure 3.20. In Figures 3.14
through 3.19, the dotted line represents the plasticization
behavior of these systems as predicted by the Couchman-
Karasz relationship''''^
T
"J"
-l^Sl'" fj^ ^
"^^''P^'" = ' (3.3)
using measured values for the thermal properties of the
polymers and literature values for those of the diluents
(see Tables 2.1 and 3.1) in a no parameter fit. Although
Equation 3.3 correctly predicts the trend of the plastici-
zation data, the observed values of the water-polymer
mixture T^'s are consistently less than those predicted.
This short coming of the theory may be understood by con-
sideration of the fact that relation 3.3 was derived
assuming temperature independent incremental specific heats
i.e., ACp = constant. This assumption becomes less valid
for mixtures in which the component glass temperatures are
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TABLE 3.1
THERMAL PROPERTIES OF DILUENTS
Tg (°K) (J/gir.-'^K)
Methanol 104^ 0 .81^
Propanol 102^ 0 .67^
Butanol 184^ 0 .51^
Water 134^ 1 .94^
^A. V. Lesikar
, Phys. Chem. Glasses 16, 83 (1975).
^G.P. Johari
,
Philos. Mag. 35, 1077 (19 77) .
M. Sugisaki, H. Suga, S. Seki, Bull. Chem. Soc.Japan 4]^, 2490 (1968).
^G.S. Park, H.M. Huffman, J. Am. Chem. Soc. 48,2788 (1926). —
J.F. Counsell, J.L. Hales, J.F. Martin, Trans.
Faraday Soc. 61, 1869 (1965).
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greatly different. in general the heat capacity increment
is a decreasing function of the temperature . ^^-^^ This
point was considered by Couchman and Karasz^^ and Equation
3.3 may be modified by the incorporation of a one para-
meter representation of the heat capacity to allow for the
temperature dependence of and hence AC^. if the heat
capacity of the diluent is now given by c = a + BT, in
which A is the value of the heat capacity of the diluent
at some reference temperature say and B is an adjustable
parameter to fit the heat capacity data. Equation 3.3 may
be re-derived to yield"""^
^^i = ^Si (3.4)
where again component 1 is the polymer and component 2 is
the diluent.
If the quantitative difference between the experi-
mental results and theory is due to the temperature de-
pendence of AC , then two expectations are made for the
adjustable parameter AB^. Since the heat capacity is a
decreasing function of the temperature^ will be ex-
pected to be negative in value and its absolute value will
increase with the temperature difference between the two
components of the mixture . Further, since is related
only to the range between the glass temperatures of the
polymer and diluent, for polymeric systems having similar
93
values Of T^, ab^ should be sensibly constant for the
fitting Of plasticization data of these polymers by the
same diluent. Calculation of AB^ according to equation
3.4 using the data from the TGDDM-A/PD epoxy resins, it is
found that AB^ = constant =
-0.013 for water in these
systems. Using this average value for AB^, the adjusted
theoretically predicted values of as according to equa-
tion 3.4 is given by a least squares fit of the data. A
comparison of the experimental T 's and the predicted
values by equations 3.3 and 3.4 are given in Table 3.2.
Good agreement is attained between the experimental values
and the Couchman-Karasz treatment of the glass temperature
for mixtures of components with widely different T 's when
g
the latter is suitably modified for the temperature de-
pendence of the heat capacity function.
In the preceding chapter it was shown that the rate
of change of with composition may be given by:
dT -T A(l^)
dx AC (3.5)
P
although the term A (^-) is not of an analytic form, its
variation in resins differing only in the cross-link den-
sity is expected to be small relative to the T and AC
g P
terms. As a first approximation, the relative effective-
ness of a given amount of diluent as plasticizer will in-
crease with increasing T and decreasing AC of the polymer
g P
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TABLE 3.2
GLASS TEMPERATURES OP EPOXV-watER MIXTURES
Resin
Composition
(A:PD)
10:0
9:1
8:2
X (WT.
Fraction
Diluent)
NoExperimental Corrected Parlmeter
(°K) (°K)
0.0015 407 410 407.5
0.0021 410 408 406
U . 00 31 404 407.5 403
0.004 5 405 400
0 .006 S 402 395
0.0070 4 U 1 401 394
0 0092 A f\'\4 Ul 398 388
C\ C\ Ci C\ ^u
.
uuy 7 394 397.5 387
0.0105 39 6 396 386
0 .0010 427.5 427.5 426
0.0032 422 423 419
0.0045 422 421 415
0 .0068 417 416 408
0.0092 415 415 402
0.0094 405 410 401. 5
0. 0130
*
407.5 408 400
0.0120 407 407 398
0.0015 4 37.5 438 436
0.0036 436 434 428
0.0035 430 430 422
0.0080 424 424 413
0.0092 427 422 410
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TABLE 3.2 (continued)
Resin
Composition
(A:PD)
8:2 (cont.)
7:3
6:4
5:5
X (WT.
Fraction
Diluent)
Experimental Corrected
(°K) (°K)
Parameter
(°K)
0 0 1 on 422 421 407.5
w • \J J. Xj K.) 422 417 402.5
V/ • U X -7 U 411 416 402
0
. 0101 416 413 408
^ • U J_ u / 410 411 407
0 mil 412 409 406
0 0 017 44 0 440 438
0 no
^
A A4 34 434 431.5
0 OOSR 4z6
. 5 426.5 423
v/ • V/ V/ \J 427 • 5 426 422
0.0077 421 f ^ u 416
0.0094 417 415 411
0.0096 410 414 410~
-1- \j
0 00? 1\j • yj \j ^ J. ^ A A C4 4 D 447 445
0 00 1 /I ^ O4 4 o 443 .5 441
0 0 04 7 4 JO . D 437 433
0 00 so i1 "5 O4 J O 4 36 .5 432
0.0070 426.5 426.5 421.5
0.0083 422 423 418
0.0108 415 413.5 409
0.0016 466 463 457.5
0.0023 455 458 452
0.0030 454 454 446
0.0042 445 446 436
0 . 0070 431.5 430 417
0.0074 424 427 413.5
0 . 0083 424 423 408
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TABLE 3.2 (continued)
Resin X (WT T
composition Fraction Exper?nental Corricted vlielttertA.PD) Diluent (°K) (or) (°k)
5:5 (cont.) 0.0095 418 416 40i
0.0097 415 414.5 399
The Slopes Of the pXots of the pXasticization aata for
three resin compositions, shown in Figure 3.20. are a
measure of a^,..
experimental results are in accor-
dance with the formal dependences of dT /d.=. i ai x given by equa-
tion 3.5.
A corollary, considered previously in Chapter li
is that the effectiveness of any given diluent as a plas-
ticizer Should be dependent only upon the variations in
its and ACp. m Figures 3.21 through 3.23 are shown
Plasticization data for three resin compositions with three
different alcohols as the second component. Although the
variations in theplasticization curves are not large, due
to the similarity between the alcohols, the effectiveness
of each alcohol as a plasticizer decreases with increasing
size. Such a structural dependence has been noted in the
literature for other polymer-diluent systems .
' con-
commitantly we may note that the variation in the thermal
properties of these alcohols are consistent with their
effectiveness as a plasticizer as according to the proposals
we have given above. The observed ordering of butanol
:
propanol:methanol, increasing in effectiveness, is in the
sense of increasing AC and decreasing T .p g
Conclusions
One of the initial goals of the research presented
is the investigation of the interactions of water with a
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model epoxy resin to assess the relative role of specific
site interactions in the apparently unusual plastici.ation
of the resin by small amounts of sorbed water. Considera-
tion of the parameters of plasticization in network systems
point to the important role of fundamental property changes
that occur with high degrees of chemical cross-linking.
The experimental findings are in good agreement with the
qualitative predictions of the theory of network plastici-
zation as discussed in the previous chapter.
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CHAPTER IV
PLASTICIZATION OF STYRENE-DIVINYL
BENZENE NETWORKS
Introduction
The relationship between the thermal properties of
epo.y resins to their plasticization behavior show that the
theory we have considered is able to give at least quali-
tative agreement with the experimental findings. However,
there are two points regarding the results that must be
addressed. One is the limited solubility of the diluents
considered in the epoxy resins. Although the agreement
with theory is good at low contents of diluent in these
systems, at higher concentrations, the plasticization
curves characteristically level out. This is indicative
of the onset of phase separation between the two components.
Therefore the degrees to which the latter points are in-
fluence by this transition is uncertain. Further, although
the theory we have proposed implies a thermodynamic basis
for the observed plasticization behavior of networks, the
strong hydrophilic nature of the epoxy networks pose an
unknown contribution to this plasticization due to the
effect of water on the state of the hydrogen bonds in these
103
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networks. It is desirable then to examine the plasticiza-
tion behavior of a network system of varying cross-link
density which is miscible in all proportions with the
diluent as well as one that will not interact specifically
with the diluent. Networks based on reaction of styrene
with varying amounts of divinyl benzene satisfies these
requirements. Below are presented experimental results of
the plasticization of poly (styrene-divinyl venzene) net-
works with styrene monomer and a styrene oligomer.
Experimental
Styrene-divinyl benzene polymers were obtained
from Polysciences, Inc. in nominal divinyl benzene (DVB)
contents of 2, 4, 8, and 12 weight percent compositions.
The samples were received as fine beads of 50 to 250 mi-
crons diameter and were used without further refinement.
Isothermal sorption studies were carried out using
the sorption apparatus as described in previous chapters.
Styrene monomer was used as the diluent for these inves-
tigations. The sorption isotherms were measured at 25 and
40°C. Higher temperature measurements were prohibited be-
cause of the tendency of the styrene monomer to polymerize
This occurred even after prolong periods at 4 0*C, when the
styrene solution showed signs of thermal polymerization by
increases in its viscosity.
Thermal characterization of the polymers (T^, ^^p)
gwere performed as outlined in the preceding chapter. Sub-
ambient calorimetric scans were made by cooling the sample
Chamber of the DSC with a dry ice-acetone azeotrope prior
to each heat scan.
Results and Discussion
A. Thermal properties. The thermal properties of the
various styrene-divinyl benzene resins were given pre-
viously in Table 2.2. The effect of cross-linking on T
and ACp at T^ is the same as noted for the epoxy system!
The glass temperature and the specific heat increment at
Tg may be expressed as functions of the degree of cross-
linking in each resin composition and are shown in Figure
4.1 and 4.2.
The average molecular weight between cross-links
have been determined for these resin compositions from
swelling measurements. As previously discussed in Chapter
II, it was found that ACp becomes diminishingly small when
the average number of bonds between cross-links approach
the minimal number required for segmental flexing.
B. Isothermal sorption of styrene monomer. Sorption iso-
therms of the various S/DVB resin compositions measured at
25 and 4 0°C are shown in Figures 4.3 through 4.7. The
sorption of styrene in these resins is an endothermic pro-
cess as indicated by the temperature dependence of the

8 10 12
RESIN COMPOSITION WT. % DVB
Figure 4.2. AC at T vs. composition in the
P g
S/DVB system.
Figure 4.3. Isothermal sorption plots of
styrene monomer in
polystyrene.
Figure 4.4. Isothermal sorption plots of
styrene monomer in the 2%
DVB resin.
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Figure 4.5. Isothermal sorption plots of
styrene monomer in the 4 %
DVB resin.
8% DVB
P/p
o
Figure 4.6. Isothermal sorption plots of
styrene monomer in the 8%
DVB resin.
12% DVB
Figure 4.7. Isothermal sorption plots of
styrene monomer in the 12%
DVB resin.
113
isotherms. The amount of styrene sorbed is increased by
an increase in the temperature. The effect of the cross-
link density on the sorption behavior on the other hand is
in the same sense as observed for the epoxy systems. The
equilibrium amount of styrene sorbed is decreased by in-
creases in the degree of cross-linking. These trends in
the sorption behavior are followed by the S/DVB resins
with the exception of the 4 weight percent DVB resin.
When the isotherms are superimposed, the 4% DVB resin
falls out of the sequence. This is probably due to ex-
perimental error incurred during measurement of the iso-
therms for this particular resin sample.
The differential heats and entropies of sorption
for three resin compositions (polystyrene, 2% DVB, and 12%
DVB) are shown in Figures 4.8 to 4.10. We may note again
that the sorption of styrene monomer in this network system
is an endothermic process as indicated by the positive
heats of sorption. Secondly, we may discuss the effect of
cross-linking on the entropy of sorption. in systems of
mutual solubility, such as in mixtures of low molecular
weight species, the entropy of mixing is generally positive.
Two conditions under which the differential entropy of
mixing may become less positive or negative in value are
when the second component is site-bound or physi-sorbed
onto the matrix of the primary component and when the
second component is insoluble phase separation occurs in
the mixture. Since the solubility of the diluent in the
polymer is decreased by increases in the cross-link density
of the polymer, we may expect the differential entropy of
mixing to vary with the degree of cross-linking as well.
In Figure 4.8, the thermodynamic parameters of sorption
are shown for styrene monomer and polystyrene. There is
an initial decrease in AS due to the adsorption of the
styrene in the polystyrene matrix. As the concentration
of styrene in the polymer is increased, a solution is
formed and is reflected by increasingly positive values
for the entropy of sorption. In the case of the 2% DVB
resin, see Figure 4.9, although the styrene is miscible
with the polymer, the presence of chemical cross-links
prevent the formation of a true solution and S^ remains
relatively constant with increasing styrene concentration
in the resin. Finally, in the 12% DVB resin. Figure 4.10,
the entropy of sorption for styrene is a decreasing func-
tion of the concentration. This may be due to a combina-
tion of glassy sorption and lower solubility of the styrene
in thepolymer. The greater rigidity and higher glass
temperature imparted 'by the cross-links may account for the
surface sorption like characteristic of the initial por-
tions of the entropy plot. The presence of a large number
of cross-links in the resin also results in a decrease
solubility of the styrene in the polymer as shown by the
isothermal sorption results. This decrease in the solubil-
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Figure 4.8. The free energy, enthalpy,
and entropy of sorption of
styrene monomer in
polystyrene
.
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Figure 4.9. Free energy, enthalpy, and
entropy of sorption of
styrene monomer in the 2%
DVB resin.
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WT. % STYRENE MONOMER
Figure 4.10. Free energy, enthalpy, and
entropy of sorption of
styrene monomer in the 12%
DVB resin.
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™er is miscibXe with the Poly (styrene-aivinyl benzene,
resxns in large proportions which permits a wider composi-
tional study Of the glass transition depression by a
diluent, values of the glass temperature and the incre-
mental specific h^^i- rn r:P r neat at for styrene has not been repor-
ted in the literature. These quantities are not measure-
able using conventional quenching techniques due to the
rapid rate of crystallization of styrene. For predictive
purposes, the glass temperature of ethyl benzene is used
in place of styrene due to the structural similarity be-
tween the two compounds and the expectation that the
respective thermal properties will not vary substantially.
The value for the specific heat increment is calculated
based on an empirical relationship given by Ueberreiter
and Otto-Laupenmuhlen^ from their study of the molecular
weight dependence of AC^ for styrene polymers and oligomers
These thermal quantities are given in Table 4.1. The
results of the plasticization of S/DVB resins by styrene
are shown in Figures 4.11 through 4.15. The dotted line
119
TABLE 4.1
THERMAL PROPERTIES OF DILUENTS
Styrene
Styrene hexamer
Tg (°K)
111
ACp (J/gm-°K)
255
0.77
0.41
2622 (197^;."^^^"'' Phys. Chem. 82,
See reference 1.
Measured in this laboratory.
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Figure 4,12. vs . composition for
styrene monomer in the 2%
DVB resin.
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Figure 4.13. vs . composition for
styrene monomer in the 4%
DVB resin.
123
Figure 4.14. vs. composition for
styrene monomer in the 8 %
DVB resin.
o
in each plot is the predicted plasticization curve as
given by equation 3.3 of the previous chapter or that of
a no parameter fit using the Couch.an-Karasz relationship
AS noted for the epoxy syste., when the glass temperatures
Of the two components differ significantly, equation 3.3
over estimates the plasticization effect. This feature
was discussed in the preceding chapter with respect to the
temperature dependence of the heat capacity and the assump-
tion of a temperature independent heat capacity in the
derivation of the equation. if we again modify equation
3.3 with the addition of an adjustable parameter as given
in equation 3.4, the same expectations are made for the
adjusted parameter, AB^
, namely that it will be negative
and its absolute value will vary with the temperature dif-
ference between the T^'s of the components. Calculation
of AB^ using the experimental data show that AB^ is a
constant equal to -0.006. Since the fit generated by
equation 3.4 is nonlinear over a wide composition, the
experimental points may not be fitted by linear regression.
However, the constancy of the parameter AB2 for the experi-
mental points indicate that the agreement is good with the
theory when this modification is made.
Plasticization of styrene-divinyl benzene copoly-
mers with a styrene oligomer was studied to observe the
effect of varying both T and AC of the diluent. Due to
g P
the low average molecular weight between cross-links of the
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resins containing 8 and 12 weight percent divinyl benzene,
the styrene hexamer does not appear to be appreciably
soluble in either. However, complete miscibility is
achieved in the other resin compositions. The results of
the plasticization data are shown in Figures 4.16 to 4.18.
The dotted line again represents the no parameter fit as
according to equation 3.3. These results indicate that the
Couchman-Karasz relationship is satisfactory in predicting
the glass temperatures of mixtures when the glass temper-
atures of the components approach each other.
Conclusion
Investigation of the plasticization behavior of S/
DVB resins with styrene and a styrene oligomer diluents
show that the relationships derived in the discussion of
the thermodynamic dependences of the plasticization of
network polymers are applicable to at least two very dif-
ferent network systems. This has been shown for an inter-
acting polymer-diluent system (epoxy-water ) as well as one
in which there is no interaction (S/DVB-styrene ) . The
data obtained from both systems are in agreement with the
proposals presented in this thesis work.
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Figure 4.18. T vs. composition for
y
styrene hexamer in the 4%
DVB resin.
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CHAPTER V
SUMMARY
The long term behavior of any polymeric material
will be dependent upon several variables among which is
its susceptibility to plasticization by a second component.
One common method of decreasing the permeability of a
diluent as well as increasing the high temperature resis-
tance of a thermoset system is to increase the degree of
cross-linking in the polymer. Such modifications however
may have unexpected effects on other aspects of the mechan-
ical behavior of network systems. Various highly cross-
linked resin systems are being studied for high temperature
applications. Epoxy derived resins are of particular in-
terest because of their high strength and glass transition
temperatures. Initial field tests show however that the
mechanical properties of highly-cross-linked epoxy resins
are strongly affected by the sorption of small amounts of
moisture. The large incremental changes in the properties
of these resins suggest an effective lowering of the glass
temperatures with the sorption of water. The question
arose as to the role of specific hydrophilic interactions
between epoxy resins and water in this unusual plasticiza-
tion process. It was found through equilibrium sorption
131
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and spectroscopic investigations that water is specifically
bound in a model epoxy resin system at ambient temperatures.
The water-polymer bonds are not stable at high temperatures
and it was shown that the preferential sorption of water
at the hydrophilic sites lead to a more facile dissociation
of the extant hydrogen bond network in the resin. Such
interactions can contribute in part to the effectiveness
with which water may act as a plasticizer in epoxy resin
systems. Further it was demonstrated through calorimetric
determinations that in fact a strong depression of the
glass temperature of the resin system is caused by small
amounts of sorbed water. in the process of characterizing
these network polymers, the experimental observation was
made that while the glass temperature rose as expected with
the degree of cross-linking in network systems, the incre-
mental specific heat at the glass transition was more
strongly dependent upon the cross-link density. At high
degrees of cross-linking, AC becomes diminishingly small.
A corresponding effect on the incremental expansivity at
T with increased cross-link density has been noted pre-
y
viously in the literature. The importance of this varia-
tion in the excess thermal properties at the glass transi-
tion with the degree of cross-linking in a given network
system may be understood in terms of predictive treatments
of the glass temperature of mixtures as presented by
Couchman and Karasz and Gordon et al. These incremental
thermal properties determine the relative effect a given
amount of the diluent will have on the glass temperature
of the resultant mixture. The effect of decreasing AC of
the polymer with respect to that of the diluent has been
graphically represented in Figure 2.5. it can be seen that
the composition dependence of the glass temperature of the
mixture becomes markedly non-linear with increasing ratios
of ACp2/ACpj^. In other words, the effectiveness of a
given amount of diluent as a plasticizer increases with
decreasing AC^^. since ACp is strongly dependent upon the
degree of cross-linking in highly cross-linked networks,
the greater the cross-link density in a polymer, the
greater will be the effect of a given amount of diluent on
the depression of the glass temperature of the polymer.
The plasticization of polymers has also been considered
from a complementary viewpoint using the analogous Ehrenfest
treatment of the glass transition. This approach yielded
equivalent results on the formal dependence of the glass
temperature of the mixture on the glass temperatures and
incremental specific heats of the components. If the data
of Chapters III and IV on the plasticization of two differ-
ent network systems (TGDDM-A/PD, S/DVB) is represented in
terms of reduced temperature plots, as shown by Figures 5.1
and 5.2, the formal similarity between these experimental
results and that of the theoretical plot, (see Figure 2.5
and accompanying text) , is apparent. In each case the
I I I I L_
0 0.4 0.8
WT. % WATER
Figure 5.1. Reduced mixture Tg vs. com-
position for epoxy resins of
different cross-link densities.
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0 0.1 0.2
WT. FRACTION STYRENE
Figure 5.2. Reduced mixture Tg vs. composition for
S/DVB resins of different cross-link
densities
.
lower the AC value of the re^^inp T:ne si , the more strongly is its
Tg depressed by the same amount of diluent. The results
presented in the previous chapters then give support to the
validity of the thermodynamics of network plasticization
that we have proposed in this work.
In full circle then, although the specific hydro-
philic interaction between epoxy resins and water may con-
tribute in part to the unusual plasticization of these
resins by water, the moisture sensitivity of highly cross-
linked epoxy resins may also be related to a fundamental
thermodynamic effect of the plasticization of highly cross-
linked network systems.
Suggestions for Future Work
The polymer-diluent systems studied in this work
were either chosen because of their pragmatic importance
or specific behavior to each other. The investigation of
well characterized polymer diluent systems, that is, with
experimentally determinable glass temperatures and incre-
mental specific heats would be useful in a quantitative
evaluation of some of the relationships considered here.
Another point of interest is the variation in the
thermal properties, (glass temperatures, AC 's) of a network
P
system as functions of the structural elements of the net-
work. For example, the changes that would result in the
thermal properties at of networks based on pure isomers
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of divinyl benzene copolymer i zed with styrene, or perhaps
increasing the functionalities of the cross-link points
such as by using trivinyl benzene as a cross-linking agent.
An ancillary point would be the correlation or quantifica-
tion of the excess thermal properties with the network
structure through the determination of the average mole-
cular weight between cross-links for the styrene-divinyl
benzene system.
Although the mixture Ehrenfest relationships we
have considered provide useful and correct predictive
trends for the plasticization behavior of polymer-diluent
systems, presently it cannot be quantified due to the
seemingly tautological feat of evaluating the incremental
changes in entropy or volume with composition above and
below the glass transition term. While this may be true
for components which have similar glass temperature ranges,
it may be possible to consider polymer-diluent systems in
which the second component may be added to and subsequently
removed while the mixture is still below the glass transi-
tion of the system, such as polymer-gaseous diluent systems
We have given' experimental data in support of the
relationships derived for the plasticization of network
systems. However, that this thermodynamic effect might
also be applied to non-chemically cross-linked systems,
i.e., semicrystalline polymers as discussed in Chapter II
might be a further area of investigation.
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Although we have just considered the plasticization
aspects of polymer-diluent systems, the nature of the
interaction between polymer and diluent is also of inter-
est. In particular the determination of the relative
contributions of such interactions to the observed plas-
ticization behavior of a polymer-diluent pair. For
example, the identification of the specific segments of
'
epoxy polymers at which the sorbed water is localized may
be achieved through low frequency studies of relaxation
processes in this system by using a suitable technique
such as thermally stimulated discharges.

